Associating polymers which consist of hydrophilic long-chain molecules containing a small amount of hydrophobic groups(hydrophobes) behave as flocculants in aqueous suspensions. The effects of surfactant on the rheological behavior are studied for latex, silica, and mixed suspensions flocculated by associating polymer. Because the hydrophobes are adsorbed onto hydrophobic surfaces and water-soluble chains onto hydrophilic surfaces, two single suspensions are highly flocculated by a bridging mechanism. In latex suspensions, the surfactant molecules force to desorb the polymer chains from the particles and at the same time enhance the micellar formation between the adsorbed chains. As a result, the flow becomes shear-thickening due to the elastic forces generated in extended multichain bridges under shear fields. In silica suspensions, the additions of surfactant cause the viscosity increase which may be attributed to enhancement of micellar formation between the adsorbed chains. By mixing the silica and latex suspensions, the viscosity is substantially reduced and the flow becomes nearly Newtonian. The associating polymer in complex suspensions acts as binder between the silica and latex particles. The hetero-flocculation which leads to the formation of composite particles may be responsible for the viscosity reduction of complex suspensions.
INTRODUCTION
Associating polymers are hydrophilic long-chain molecules to which small amounts of hydrophobic substituents, so-called hydrophobes are incorporated. In aqueous solution, the hydrophobes tend to aggregate and create three-dimensional network which gives rise to interesting rheological effects. [1] [2] [3] The associating polymers have received increasing interests as rheology control agents for paints and coatings over the last two decades, [4] [5] [6] [7] because they can impart appropriate rheological properties to water-borne latex suspensions. The major advantage is the ability to produce high viscosity with
Newtonian flow profiles over a wide range of shear rates, in contrast to traditional thickeners such as cellulose polymers.
Basically the associating polymers behave as flocculants in latex suspensions. Since the hydrophobes can be adsorbed onto the hydrophobic surfaces, the suspensions are flocculated by bridging at low polymer concentrations.
Under limited conditions at relatively high concentrations, the depletion flocculation is induced 8, 9) in similar manner that the suspensions containing non-adsorbed polymer are flocculated. 10, 11) In previous papers [12] [13] [14] , we have studied the effects of associating polymers on the rheological properties of latex suspensions and proposed two bridging models. One is the direct bridging of a single chain, in which two hydrophobes are adsorbed onto different particles to bind them together. The other is the multichain bridging, in which the particles are connected by linkage of interchain associations. When the nonionic surfactant is added above some concentration, the rheological values such as viscosity, elasticity, and relaxation time are decreased due to the ruptures of polymer bridges by surfactant adsorption onto the particle surfaces.
In adsorption of associating polymers onto hydrophilic surfaces, the chain may adopt a conformation with the watersoluble backbone attached to the particle surfaces. The adsorption of associating polymers also causes flocculation in silica suspensions by multichain bridging. Since the nonionic surfactants have similar molecular structures to hydrophobes, they can contribute to micelle formation by association with hydrophobes. [15] [16] [17] [18] The hydrophobes extending from the chains adsorbed onto different particles can form micelles by association with surfactant molecules. Therefore, the viscosity of silica suspensions is increased by surfactant due to the * To whom correspondence should be addressed. E-mail: yas.otsubo@faculty.chiba-u.jp enhancement of particle-particle bonds. 19) The adsorption conformation of associating polymer and flocculation mechanisms vary depending on the surface chemistry of the particles. It is essential to understand the relationships among the adsorption interactions, bridging conformation and suspensions rheology. In a previous paper 20) , we also reported the rheology of suspensions consisting of two kinds of particles with hydrophilic and hydrophobic surfaces.
The important finding is that when the silica and latex suspensions are mixed, the viscosity is drastically reduced.
The associating polymer in complex suspensions acts as binder between the silica and latex particles, because the hydrophobes are adsorbed onto the hydrophobic surfaces and water-soluble chains onto the hydrophilic surfaces. The hetero-flocculation leads to the formation of composite particles in which the silica particles are covered with a layer of latex particles. The present study is designed to provide more insight into the hetero-flocculation induced by associating polymers. The rheology of complex suspensions will be discussed in relation to bridging conformation.
EXPERIMENTAL

Materials
The suspensions were composed of fine particles, associating polymer, surfactant, and water. The particles were silica and styrene-methyl acrylate copolymer latex. The silica particles with a diameter of 1.3 μm and density of 2.1×10 3 kgm −3 were manufactured by Catalysts and Chemicals Industries Co., Ltd.
and used as received. The latex particles were formed by emulsion copolymerization with a styrene/methyl acrylate monomer ratio of 40/60, the diameter and density of which were 240 nm and 1. shear on a rolling device for one week.
Measurements
Steady-shear viscosity and dynamic viscoelastic properties were measured using a parallel plate geometry on a stresscontrolled rheometer(Haake Rheo-Stress RS100). The diameter of plates was 35 mm and the gap between two plates was 0.5 mm. The measuring part was surrounded with a glass cover for preventing the evaporation of solvent. The shear rates varied from 2.0 to 3.0×10 2 s −1 in steady-flow measurements. The dynamic viscoelasticity was measured as a function of frequency at small strains in the linear regions and as a function of strain at a constant frequency. The frequencies were from 5.0×10 −2 to 6.3×10 1 s −1 and strain amplitudes were from 1.0×10 −1 to 5.0×10 1 . Since the suspensions were sheared at 5.0×10 −1 s −1 for 300 s to give the initial conditioning prior to measurements, the results were highly reproducible. The temperature was 25 °C for all runs.
Adsorption of polymer on the particle surface was determined by the sedimentation experiments. To calculate the concentration of non-adsorbed polymer, the particles or flocs were separated by centrifugation at 3000 g for more than 5 h.
The final sedimentation volume gives the concentration of the dispersed phase, from which the surface separation between particles in the flocs can be determined. 21) The amounts of polymer adsorbed on the particles were calculated from the residual polymer concentrations which were determined through the viscosity reduction. It must be stressed that the latex suspensions behave as liquids in long time scales.
RESULTS AND DISCUSSION
Effect of Associating Polymer on the Rheology of Single Suspensions
To understand the flocculation mechanism, the adsorption of HEUR on the particle surfaces was measured from the residual polymer concentrations in supernatant solutions. The adsorbance on the silica particles is determined to be 20 mg/(gparticles). Because this corresponds to about 1.8 wt% polymer, all polymer chains are considered to be adsorbed onto the particle surfaces in the silica suspensions. The adsorbance of associating polymer onto the latex particles is estimated to be 0.8 mgm −2 . This value corresponds to about 0.8 wt% polymer.
Therefore, the flocculated structures can be fully developed over the system, when the polymer concentration is increased up to 1.0 wt%. We can see a good relation between the adsorption behavior and viscosity behavior. Since the flocculation of suspensions is induced by adsorption of HEUR polymer, the mechanism of flocculation may be polymer bridging. [23] [24] [25] In silica suspensions, the flocculation is induced by adsorption of the water-soluble backbone onto the hydrophilic surfaces whereas in latex suspensions the adsorption of the hydrophobes to the hydrophobic surfaces leads to flocculation. 
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CONCLUSIONS
